Transections and grafting experiments performed in Lineus ruber rostral ends allowed us to generate ribbonworms with a duplication of the postocellar region combined with a deletion of the ocellar region. In such homeotically reconstructed animals, the syngeneic postocellar region transdifferentiated into an ocellar region with functional eyes while the allogeneic postocellar region underwent no transformation. In this case, transdifferentiation is a morphogenetic process leading to the restoration of the normal antero-posterior (A-P) axis pattern in adult worms. This regulative conversion of one adult body region into another, which so far has not been described in any bilaterian animal, is comparable with transdetermination of larval imaginal discs in Drosophila. Under certain conditions, Drosophila, wing imaginal disc cells express the eyeless master control gene and give rise to eyes. Here, we show in Lineus that the transposition of postocellar tissue into the ocellar location causes expression of the eyeless ortholog LsPax-6 and results in eye development. Our results in Lineus clearly suggest that transdifferentiation of adult body regions moved to a different position along the A-P axis is similar to transdetermination of the larval imaginal disc cells which are determined, but not yet differentiated. q
Introduction
There are two biological processes in which body plan positional values have to be specified to cells: development in embryos and regeneration in adults. These are closely related but the capacity for regeneration only persists throughout life in a few animals. The much studied examples are the regeneration of limbs in newts or axolotls (amphibians), and legs in cockroaches (insects) (Bryant et al., 1977) . Other animals, such as, hydra (Wolpert et al., 1974; Galliot, 1997) and planarians (Saló and Baguñà, 1989) , also show remarkable powers of regeneration when parts are removed, and this seems to be similar to the regulative properties of early embryos. Nemertines as well can regenerate the lost parts and more surprisingly can down regulate the grafted surplus tissue (Bierne, 1988) . The adult ribbonworms of the genus Lineus, are remarkable for their extensive capacity for morphogenetic regulation (reviewed in Bierne, 1985 Bierne, , 1988 Bierne, , 1990 Tarpin et al., 1999) . In these linear animals, it seems, that a system of positional cues capable of controlling the development of the anteroposterior (A-P) body pattern is maintained in adults since the cells of differentiated tissues are able to respond to those cues and to reconstitute the normal pattern if it is disturbed (Tarpin et al., 1999) . Maybe the ribbonworms, like Sponges and Cnidarians, retain throughout their entire life embryonic properties that were lost in adults by the great majority of the bilaterally symmetrical animals in the course of evolution. The homeodomains and their flanking sequences encoded by the Lineus sanguineus homeobox genes are more closely related to those of vertebrates and amphioxus, rather than those of Drosophila and other invertebrates (Loosli et al., 1996; Kmita-Cunisse et al., 1998) . Are the ribbonworms panchronic animals that have diverged relatively little from the last common ancestor of protostomes and deuterostomes, the Urbilateria (Kmita-Cunisse et al., 1998) ? Does their ability to reprogram developmental processes in adults provide evidence for this primitive property?
Through a grafting procedure (Bierne, 1985) we reconstructed rostral ends of Lineus ruber generating a duplication of the postocellar region combined with a deletion of the ocellar region (homeotically reconstructed worms with two postocellar regions). The L. ruber rostral end is made up of two A-P components, an anterior ocellar region bearing eyes, and a postocellar region, the 'blind' component (Tarpin et al., 1999) . Both antecerebral territories are the only substantial body regions in which no cell bodies of the central nervous system (CNS) are found along the A-P axis. Thus, the rostral end is a suitable experimental system for making comparisons with results from experiments concerning morphogenetic behaviour in abnormally reconstructed vertebrate limbs or insect legs, which also lack CNS nerve cell bodies. As in previous work (Tarpin et al., 1999) , rostral ends of L. ruber were reconstructed in such a manner that two antagonistic discontinuities coexist in the A-P head axis, but the deletion was this time anterior to the duplication. Experiments consisted of transection and grafting of a supernumary rostral end leading to a duplication of the postocellar region from differently coloured individuals of the same species, L. ruber. After removal of the ocellar region of the recipient the postocellar region was duplicated (one syngeneic and one allogeneic component) and the ocellar region was missing. Morphogenetic regulation took place by transdifferentiation of the most anterior syngeneic postocellar region which was heterotopically located, into an ocellar region, reconstituting the normal A-P pattern. On the other hand, the allogeneic postocellar region, orthotopically located, underwent no transformation. The transdifferentiation process occurs in differentiated tissues and involves cell-cell signalling, loss of identity of cell groups and acquisition of new fates by groups of cells like transdetermination in Drosophila imaginal discs.
The eyeless gene expression plays a key role in ocular development of Drosophila (Halder et al., 1995) . Antenna, leg or wing imaginal disc cell can give rise to eyes when transdetermination or transgenesis is induced by ectopic expression of this master control gene (Halder et al., 1995) and wing disc cells can transdetermine spontaneously to form eye structures in cultured imaginal disc cells of Drosophila (Gehring et al., 1968) . Similarly the transposition of Lineus postocellar tissue cells into the ocellar location causes ectopic expression of the eyeless ortholog LsPax-6 and results in the formation of eyes.
Results

Transdifferentiation as a transdetermination event
The design of the grafting experiment leading to the homeotically reconstructed ribbonworms (a duplication combined with a deletion) is indicated in Fig. 1 . The antecerebral end of the recipient (the dark specimen) was replaced, in a first step, by the antecerebral end from the donor (the pale specimen). Three days later, the ocellar part of the allograft was removed and replaced by the autograft of the complete antecerebral end (Fig. 2A) . The ocellar region of the antecerebral autograft was eventually removed. Thus, the homeotic reconstruction experiment involved a deletion of the ocellar region and a duplication of the postocellar region, one, pale, being allogeneic, the other, dark, being syngeneic (Fig. 2B) . Over a period of 14 weeks, complete morphogenetic regulation took place by in situ conversion of the syngeneic postocellar region into a typical ocellar end (Fig. 2C ). This conversion of a differentiated body region into an other, or transdifferentiation, is based on three clear criteria: the progressive patterning of the rostral end, i.e. the reconstitution of the specific blunt shape resulting from wound-healing, the differentiation of the first two eyes over a 2 month period (whereas 1 month is enough for eye regeneration during epimorphosis of the ocellar end) and, the de novo formation of a frontal sensory organ, an adult structure with characteristic long bristle-like cilia, reminiscent of the larval apical tuft. These morphallactic events convert one body region into another. From the initially homeotic pattern a normal A-P pattern is restored. The absence of the regeneration expected to occur anterior to the foremost 'blind' component, represents a surprising result. Removal of the ocellar end by transection ( Fig. 2B ) usually provokes the regeneration of an ocellar end arising from the blastema straight after wound-healing, but does not occur in this case. The absence of intercalary regeneration between the anterior and the Fig. 1 . Experimental design of the homeotic body-plan reconstruction (a duplication combined with a deletion) and the resulting morphogenetic regulation. The homeotic reconstruction was made at the antecerebral end by transections and graftings between two specimens of L. ruber to insert the posterior region of rostral end from the donor into the recipient. After removal of the ocellar region in the recipient, the postocellar region ('blind' component) was duplicated and the ocellar component absent. Pairs of worms differing in pigmentation were chosen in order to distinguish host and donor tissues.
posterior non ocellar region has also to be noted. The stability of the two pigmentary phenotypes between the graft and the recipient, is indicative of their morphogenetic autonomy, and implies furthermore that the transformation of the supernumerary non ocellar region into an ocellar region occurs without intercalary regeneration and distal transgeneration. This is another unexpected and important result because both the intercalary regeneration and the distal transgeneration occur in worms homeotically reconstructed with duplicated oculated ends as previously described (Tarpin et al., 1999) . This morphological transformation by differentiation of eyes and frontal organ, as well as by spatial repatterning requires a change in positional values of cells during the morphological transition (Fig. 2B, C) . Thus, transdifferentiation restores the normal A-P sequence of positional values with an in situ reconversion of positional values without significant cell proliferation.
Expression of the Lineus Pax-6 gene and transdifferentiation
In our experiments, the eyes served as morphological markers to clearly follow the transdifferentiation that occurs during the conversion of a postocellar region into an ocellar end. These photosensory organs are similar in Lineus to those of planarians and consist of inverted pigmented ocelli. Like in Drosophila, their sensory neurons differentiate peripherally next to the pigmentary ocellus and send their axons towards the CNS. The program that determines neuronal connectivity is co-extensive with the program that leads to the formation of the sense organ itself (Ghysen and Dambly-Chaudière, 2000) . The ocellar region bears two rows of a few well-anchored dorsal eyes on both sides of the head (Fig. 3A, blue brackets) . However, the eyes not only can serve as markers but also may provide an entry point for studying the genetic basis of developmental reprogramming events using the Pax-6 ortholog of L. sanguineus, LsPax-6 (Tarpin et al., 1999 , Loosli et al., 1996 . The spatial pattern of expression of LsPax-6 in a control worm correlates well with the anterior-dorsolateral location of the eyes (Fig. 3B , blue brackets). Neither staining in the ventral ocellar region nor in the entire postocellar region was ever detected.
The expression of LsPax-6 was analysed during transdifferentiation by whole-mount in situ hybridisation with digoxigenin-labelled LsPax-6 RNA probes derived from a reverse transcription-polymerase chain reaction (RT-PCT) clone (Loosli et al., 1996) . At week 8 of the homeotic reconstruction, a new ocellar region, with two eyes (arrows) bearing the median part of the rostral end, is generated by transdifferentiation of the homeotic postocellar region (Fig. 3C) . The spots of LsPax-6 expression fit well to the location of the newly differentiated eyes (Fig. 3D, arrows) . No staining posterior to these spots was detected; particularly in the allogeneic postocellar region in the orthotopic position. These results indicate that LsPax-6 was expressed in the syngeneic postocellar region moved along the A-P axis, in the region where transdifferentiation occurred.
Discussion
Transdifferentiation as a transdetermination event
Under experimental conditions Drosophila imaginal discs can lose their determination and gain new fates. For example, when a disc is cultured for a long period in adult female abdomens, cells, tissues and organs expected at metamorphosis are replaced by cells tissues and organs appropriate for another imaginal disc. This fate conversion, termed transdetermination (Hadorn, 1978) , is related to homeosis which is the replacement of body part by another. Homeotic transformations may be caused by either developmental or genetic variations that both result in loss or gain of gene expression. It is generally assumed that transdetermination is unlikely to be due to homeotic mutation because it occurs simultaneously in several neighbouring cells. Thus transdetermination is not a clonal event but rather, it seems to be induced by interactions among the cells during growth and regeneration. Transdetermination is only caused by developmental abnormalities, i.e. by misexpression and not by mutation of wild type genes. For instance the conversion of leg disc to wing disc was correlated to the ectopic expression of vestigial, normally absent in leg discs and present in wing and haltere discs Schubiger, 1995, 1998) .
Under experimental condition, we show that Lineus body regions can lose their identity and gain new fates. When a non ocellar region of the rostral end is grafted in place of the ocellar region, cells, tissues and organs of the duplicated non ocellar region are replaced by cells, tissue and organs appropriate for the ocellar end. This fate conversion, termed transdifferentiation is, like transdetermination, related to homeosis which is the replacement of one body part by another. As transdetermination in Drosophila, transdifferentiation in Lineus is only caused by developmental variations. However, transdifferentiation is a regulative (and not mosaic) developmental event. During transdifferentiation relocated cells redifferentiate according to their new position in the A-P body plan and a normal pattern arises from reverse homeosis. Transdetermination in Drosophila depends on the duration of the imaginal disc culture lasts. Cells from discs fated to form genitalia transdetermine first into leg, later into wing and finally into eye. Transdifferentiation in Lineus depends on how the body region is positioned in the body plan. Kind (deletion or duplication) and polarity (anterior-to-posterior or posterior-to-anterior) of discontinuities in the cell's positional values along the A- Fig. 3 . Whole-mount in situ hybridisation with digoxigenin-labelled LsPax-6 antisense RNA probes derived from a reverse transcription-PCR clone (Loosli et al., 1996) . ( P axis determine the developmental response. A similar experiment duplicating body regions in the rostral endthe duplication of the ocellar region -resulted in a totally different developmental behaviour. The duplicated ocellar region was eliminated by a process called transgeneration while the missing postocellar region was restored by intercalary regeneration (Tarpin et al., 1999) . Cells from the Lineus rostral end moved by grafting in the A-P axis respond in at least three different ways, they can either transdifferentiate or be eliminated by transgeneration or else undergo regenerative proliferation.
3.2. LsPax-6 expression in postocellar region spatially moved in the A-P body plan
Like in the process of transdetermination, the mechanism operating in transdifferentiation is still not understood. However, our results showed how reconstructed Lineus may be used to study the mechanisms of developmental reprogramming, especially in the neglected field of pattern homeostasis and maintenance. Recent data suggest that eye is a powerful model system for deciphering the developmental function of master control genes, such as Pax6 and its orthologs (Halder et al., 1995) . The spatial and temporal expression of the L. sanguineus gene closely related to the Drosophila eyeless and mammalian Pax-6 genes (Loosli et al., 1996) was analysed during antecerebral regeneration in L. sanguineus. These previous results indicated that LsPax-6 is expressed not only during eye regeneration, but also after regeneration is completed, as well as in intact ocelli (Tarpin et al., 1999) . Recent work has shown that ectopic eyeless or Pax-6 expression in Drosophila can induce the formation of homeotic eyes in Drosophila (Halder et al., 1995; Tomarev et al., 1997; Glardon et al., 1997) . We show here that the transposition of Lineus postocellar tissue cells into ocellar location causes unexpected expression of LsPax-6 and results in eye development. The occurrence in Lineus of reverse homeosis by either regeneration and transgeneration (Tarpin et al., 1999) or transdifferentiation (present paper) allows us to test the role of LsPax-6 and other developmental genes during regeneration, transgeneration and transdifferentiation of ribbonworm eyes.
In embryos, it is clear that gene expression and cell fate depends on endogenous (genome) and exogenous (cell interactions) control mechanisms. Gene transcription and cell phenotype are modified when genes in a chromosomal cluster or cells in the embryonic map are misplaced. Gene or cell relocation results in variations in both gene expression and cell phenotype. Transposition of Hoxd genes to a more posterior location within the mouse HoxD complex causes their transcriptional deregulation and the transformation of the sixth lumbar vertebra into the first sacral one (Kmita et al., 2000) . Heterotopic grafting of embryonic cells from early amphibian gastrula except from dorsal lip of the blastopore determine cell fate and gene expression pattern in accordance with the grafting location (Spemann and Mangold, 1924) . In animals capable of developmental reprogramming, such as ribbonworms, we show for the first time that relocation of adult cells along the A-P body axis can give rise to regulative transdifferentiation, such as formation of eyes into heterotopically grafted non ocellar tissue via the expression of master control genes, such as LsPax-6.
Experimental procedures
Animals
Specimens of the marine ribbonworm L. ruber were collected along the coast of Brittany, near Roscoff, then kept in the laboratory under standard conditions (128C, darkness, fed once a week). The Lineus body plan consists of ten distinguishable regions described and numbered in anterior to the posterior order along the A-P axis (Bierne, 1985) . These different A-P body regions are defined according to specific anatomical characteristics such as eyes in region 1, brain in region 2, cerebral organs in region 3, mouth in region 5, nephridia in region 6, etc. (Bierne, 1985; Tarpin et al., 1999) . The rostral region -the antecerebral end -is made up by two distinct regions, an anterior, ocellar region bearing a number of eyes on each side, and a postocellar region lacking eyes (Tarpin et al., 1999) . The Lineus eye consists of a single-layered pigment epithelium, forming a pigment cup with pigment cells containing black, brown or reddish pigment granules in their cytoplasm (Fig.  4) . The interior of the cup contains photoreceptor cells that are elongate structures, terminating in a brush border of microvilli that is in direct contact with the pigment cells. At the opposite end, each photoreceptor cell has a swelling containing the nucleus, from which the optic nerve fibres pass from the eye opening of the eye cup and join the fibres from other eyes located on the same side to form the optic nerve connecting to the cerebral ganglion (Gibson, 1972) . The tip of the ocellar region possesses two other specific characters absent in non ocellar regions: (i) the frontal chemotactic organ opening as a pit at the rostral end, near the proboscic pore; (ii) the typical blunt shape of the rostral end. The frontal organ and eyes are major components of the peripheral nervous system (PNS).
Transplantation experiments
For the surgical processes, animals were chosen two by two, according to their similar size and contrasting pigmentation to emphasise the homeotic status, i.e. duplication of the postocellar region versus a deletion of the ocellar region. Worms were anaesthetised for 15 min in distilled water containing 8% magnesium chloride. They were then stretched over a bed of paraffin on the stage of a dissecting microscope and were cut with a surgical blade. The anaesthetised pieces to be joined were placed wound-to-wound on a circle of filter paper impregnated with a few drops of anaesthetic for 2 h, and laid for healing in a Petri dish for 24 h in darkness. The reconstructed worms were then put into glass bottles half filled with sea water. The precise design of the experiments is indicated in Fig. 1 and leads to the replacement of the recipient ocellar region by its own non ocellar region and intercalation of an allogeneic non ocellar region. In our experiment, the two postocellar regions are transplanted regions, the syngeneic one being in a heterotopic position whereas the allogeneic one occupies an orthotopic position. Thus, there are no CNS cells in the two territories, both in the postocellar region in normal orthotopic position and in the postocellar region undergoing transdifferentiation. Only such an experimental design allow us to have the postocellar regions that are both disconnected from the CNS.
Whole-mount in situ hybridisation
Worms were anaesthetised in 8% magnesium chloride and photographed, rinsed in phosphate buffered saline (PBS), and treated with 0.1 M cysteine chloride for 15 min to remove the mucus on their surface. Wholemount in situ hybridisation was done with digoxigeninlabelled LsPax-6 antisense RNA probes (Loosli et al., 1996) as previously described (Tarpin et al., 1999) . 
